Dependence of the damping rate of the oscillations of the dust particles levitating in the sheath on the plasma parameters is investigated both theoretically and experimentally. Significant deviations of the damping rate from the values predicted by the Epstein formula are found in the experiment. The delayed charging effect is applied for the theoretical explanation of the experimental results. Qualitative agreement between the theoretical and experimental data is obtained.
I. INTRODUCTION
Complex ͑dusty͒ plasmas have recently attracted the attention of researchers as systems available for observation at the kinetic level and have been studied in many aspects, such as phase transitions, waves, response to different external influences, and instabilities ͓1-3͔. One of the specific features of the complex plasma medium is that the electrostatic charge, accumulated on the surface of a dust particle is not constant, but is self-consistently connected to the conditions in ambient electron-ion plasma. In Ref. ͓4͔ it has been demonstrated that variability of the dust particle charge may lead to the nonpotentiality of the electrostatic force, supporting the dust particle against gravity and consequently may provide a mechanism by means of which the energy may be supplied to the dust subsystem. Dependence of the dust particle charge on the number density of the dust particles levitating in the plasma has been claimed as a possible reason of the dust-acoustic instability ͓5͔. Similar effect has been taken into account in the theoretical treatment of dust acoustic modes in complex plasmas ͓6,7͔ and waves in electron-dust plasmas ͓8͔.
As the charge accumulated on dust particles depends on the surrounding plasma parameters, it will be changing if a dust particle moves in the nonuniform plasma medium. However, due to the finite charging time actual charge on the dust particle should be different from the equilibrium value. The faster the dust particle moves and the larger the gradients of the plasma parameters are the larger the difference is. This phenomenon is known as the "delayed charging effect" ͑DCE͒. The influence of DCE on different wave modes in strongly coupled complex ͑dusty͒ plasma has been treated in Refs. ͓9,10͔. Recently large amplitude shock wave in a strongly coupled complex plasma has been considered theoretically with the inclusion of the DCE ͓11͔. The DCE has been proposed to cause the self-excited oscillations of the dust particles ͓12͔ and the self-excited transverse dust lattice waves observed at low neutral gas pressures ͓13͔. Theoretical treatment of the DCE in connection with the dust particles levitating in sheaths has been given in Refs. ͓14-16͔. The DCE is still considered as the strongest candidate to explain the instability of dust particles levitating in plasma sheaths at low neutral gas pressure. Consequently we use the theoretical model based on the DCE for the comparison with our experimental findings.
The levitation of a dust particle in a sheath occurs mainly due to the balance of electrostatic force and gravity. If we consider small oscillations of a dust particle and take into account only the linear term of the electrostatic force, the motion of the dust will be governed by the harmonic oscillator equation
where z is the current vertical position of the dust particle and z 0 is its equilibrium position, ␤ is the damping factor, and is the eigenfrequency. Following Refs. ͓14,15͔, the eigenfrequency is expressed as follows:
where Z d , m d are the equilibrium dust particle charge and mass, respectively, and E is the local electric field strength. Usually it is accepted that the only phenomenon affecting the damping of the oscillations is the neutral drag. For a spherical dust particle the corresponding damping rate derived from the well-known Epstein formula ͓17͔ reads
where p is the neutral gas pressure, v th is the thermal velocity of gas molecules, a and are the dust particle radius and material density, respectively, and ␦ is the dimensionless factor, depending on the character of the scattering of the gas molecules on the surface of a dust particle. Obviously, ␤ epst does not depend on any of the plasma parameters and is always positive. However, DCE leads to the appearance of an additional term in the damping rate ␤ DCE , so that total damping rate is ␤ = ␤ epst + ␤ DCE , where ͓14-16͔
ch here has the meaning of the charging time or the time required to compensate small deviations of the charge from its equilibrium value. Physical meaning of the influence of DCE on damping is the appearance of excess electrostatic force eE␦Z d ͑␦Z d is the deviation of the actual dust particle charge from its equilibrium value͒, varying coherently with the dust particle velocity.
Unlike ␤ epst , DCE term of the damping rate is in strong dependence on plasma parameters and may be positive as well as negative, so that net damping rate may also acquire negative values. Negative ␤ is supposed to be the reason for the instability, observed in Refs. ͓12,13͔. As a measure of the instability the amplitude of the self-excited oscillations has been used in those works. The amplitude, however, depends not only on ␤, but also on the nonlinear terms of the electrostatic force, which are rather difficult to determine. Therefore, direct measurements of ␤, performed in this work, are supposed to give much more information about the physics of the instability. We should note that negative values of ␤ are rather difficult to measure systematically. So, we performed measurements of positive ␤ not so far from the instability threshold, where the dust particle exhibits stable levitation and, on the other hand, ␤ is significantly different from ␤ epst . In Ref. ͓15͔ it has been shown, that ␤ may be also quite sensitive to the details of the electron energy distribution function in the bulk, e.g., if the bulk plasma is biMaxwellian, equilibrium charge gradient ‫ץ‬Z d / ‫ץ‬z, charging time ch , and consequently ␤ may be in strong dependence on the fraction of energetic electrons even if its value in the bulk plasma is several percent. This theoretical conclusion is also verified in this work.
II. EXPERIMENTAL SETUP AND PROCEDURE
We performed our experiments in a device named "Kagerou" ͓12-15͔. Kagerou is a double plasma device with a vertically aligned stainless-steel cylindrical chamber 35 cm in diameter and 90 cm height ͑Fig. 1͒. The volume of the chamber is divided into two equal parts by a separation grid. In Kagerou the argon plasma is generated by a dc discharge with hot filaments and confined with a multicusp magnetic field at the periphery. For the present experiment the plasma is generated only in the target part. It has been shown that the electrons in the bulk plasma of Kagerou have a biMaxwellian distribution ͓18͔. Electrons of two groups have significantly different temperatures. Those that have higher and lower temperature are called "hot" and "cold" electrons, respectively. There are three electrodes, that are used for the plasma generation: to the hot cathode we apply the voltage, accelerating primary electrons ͑U c ͒, anode voltage ͑U a ͒ determines the plasma potential and the separation grid ͑biased independently with the voltage U sg ͒ is sometimes used as an additional anode to control the fraction of energetic electrons ͓18͔. Levitation of the dust particles is achieved over a metallic grid electrode, biased negatively with respect to the plasma and located on the axis of the chamber slightly above the filaments. A long narrow trench in the electrode provides the confinement of the dust particles in the radial direction. The electrode is connected to the function generator, which supplies constant bias ͑U le ͒ as well as the impulse of voltage for the excitation of oscillations. The usual parameters of the impulse are amplitude 1 V and duration 10 ms.
Monodisperse polymethylmetacrylate ͑ = 1.22 g / cm 3 ͒ dust balls 5 m in diameter are supplied from a container, located above the electrode. Usually after one injection about 10-15 dust particles levitate. However, by applying several strong ͑4-5 V͒ impulses to the levitation electrode it is possible to achieve levitation of a single dust particle. Plasma parameters are measured with a plane disc-shaped Langmuir probe, located about 5 cm above the electrode. Details of the probe measurements are given in Ref. ͓18͔. The range of experimental parameters in the present experiment is the following: discharge current I = 20-40 mA, neutral pressure p = 0.1-0.8 Pa, plasma density n 0 = ͑4-10͒ ϫ 10 8 cm −3 , cold electron temperature T c Ϸ 0.3 eV, hot electron temperature T h Ϸ 3 eV, fraction of hot electrons ␣ = ͑0.7-7͒ ϫ 10 −2 . A levitating dust particle is illuminated with a He-Ne laser sheet and the scattered light is registered with an imageintensified CCD videocamera. Interference filter for the He -Ne laser wavelength is used to cut down the strong background light from the filaments. The frame rate of the videocamera is set to 250 fps and the exposure time to 2 ms. Spatial resolution of the imaging system is 13 m / pixel. Start of the videorecord is synchronized with the application of the impulse to the levitation electrode. Digital movies of the dust behavior are recorded on hard disk of the computer. Position of a dust particle is determined in each frame and the obtained trajectory is analyzed.
If ͉␤ ͉ Ͻ , Eq. ͑1͒ has the solution FIG. 1. Scheme of the experimental setup ͑side view͒. The anode plates ͑magnets͒ and the filaments are located at the periphery of the device and the levitation electrode and the probe are mounted on the axis. The function generator, connected to the levitation electrode provides the constant bias U le for the levitation of the dust particles and an impulse to excite their oscillations.
where ⑀ is the initial phase of the oscillations and A͑t͒ = A 0 exp͑−␤t͒ is the exponentially decreasing ͑in ␤ Ͼ 0 case we are dealing with͒ amplitude with the initial amplitude A 0 . Therefore, to determine ␤ from the experimental trajectory z͑t͒ ͓Fig. 2͑a͔͒ we first extract amplitude values A͑t͒ and fit the log-scale plot of A with a straight line ͓Fig. 2͑b͔͒.
III. THEORETICAL MODEL
Levitation of the dust particle and the delayed charging effect are determined by the structure of the sheath formed in front of the levitation electrode. Consequently, to evaluate ␤ theoretically we need to formulate the sheath model. We use the standard collisionless approach with Boltzman distribution for both cold and hot electrons:
where pl is the plasma potential and is the local value of the sheath potential. For ions we employ the energy
and the flux conservation
where n i , v i , m i are the ion density, velocity, and mass, respectively, 0 , n SE is the electrostatic potential and plasma density at the sheath entrance respectively, n SE = n e ͑ 0 ͒. C S is the ion fluid velocity at the sheath entrance. It is connected with 0 via Eq. ͑7͒. Combining Eqs. ͑8͒ and ͑7͒, we obtain the following expression for the ion density:
To determine the potential distribution we use the Poisson equation
We suppose that axis z points from the electrode into the bulk and z = 0 at the electrode. Substituting the respective expressions for densities ͑6͒ and ͑9͒ and integrating once we obtain
where ⌽ = pl − , ⌽ 0 = pl − 0 . The generalized Bohm criterion ͓19͔ for our sheath reads
After some algebra it brings us to the following inequality:
This allows us to determine ⌽ 0 and consequently C s . In Ref.
͓20͔ the sheath in bi-Maxwellian plasma with the secondary emitting electrode has been considered; Eqs. ͑11͒ and ͑14͒ coincide with respective equations in Ref.
͓20͔ if the emission coefficients are set to zero. Solving Eq. ͑11͒ with the boundary condition ⌽͑z =0͒ = pl − U le provides us the space potential distribution in the sheath. After calculating the potential profile we may calculate the profiles of electron and ion densities as well. This brings us to the calculation of the equilibrium charge, accumulated on a dust particle ͑Z d ͒. Z d is the charge which provides the equality of electron and ion currents onto the surface of a dust particle. We use orbit-motion-limited ͑OML͒ ͓21͔ expressions for the electron current
where m e is the electron mass and f is the equilibrium surface potential of a dust particle, and ion current 
͑15͒
Ion temperature is assumed to equal the room temperature and consequently is neglected in comparison with the sheath space potential in the equation above. f is determined from the condition I e + I i = 0 and is connected with Z d via the capacitance of a dust particle
Calculation of the profiles of equilibrium charge and electrostatic potential makes possible the calculation of the force distribution
and finding the levitation point of a dust particle. To calculate ␤ at the levitation point we have to determine the charging time. According to Ref. ͓22͔, the charging time may be determined as follows:
We will assume ␦ = 1.44 in our calculations, according to Ref. ͓23͔, which gives a close value of ␦ for the neutral drag force on polymeric spheres in argon. This yields ␤ epst / p = 2.3 s −1 Pa −1 . Typical results of the calculation are given in Table I .
IV. EXPERIMENTAL AND THEORETICAL RESULTS

A. Pressure variation
Let us now compare the experimental measurements and theoretical calculations of the damping rate. We performed two types of experiments. In the first one the separation grid was floating, U a =0, U c =−80 V, U le = −6 V. We varied the neutral gas pressure and at every pressure we adjusted the filament heating current to keep the discharge current constant at every pressure. We performed this procedure at three values of the discharge current I 20, 30, and 40 mA. Results of probe measurements are shown in Fig. 3 . At every pressure we could observe levitation we excited the oscillations of a levitating dust particle and measured the damping rate. On the other hand, using the probe-measured plasma parameters, we calculate the sheath structure and determine ␤ theoretically according to the procedure described above. The results of the measurements and calculations are shown in Fig. 4 . Instead of ␤ we plot the ratio ␤ / p. If Epstein drag is the only force responsible for the damping this ratio is not the function of neutral gas pressure according to Eq. ͑3͒. If forces of other nature become important for the damping, ␤ / p should exhibit dependence on pressure.
This dependence is clearly seen in Fig. 4 . At pressures higher than 0.6 Pa both experimental and theoretical values Output parameter ͑z = z 0 ͒ Value of ␤ / p are quite close to the value, given by the Epstein formula ͑3͒. At lower pressures significant deviations from the Epstein value are observed. At I = 20 mA, experimental value of ␤ / p decreases with pressure and finally at p = 0.3 Pa the dust particle becomes unstable. Therefore, we clearly observe decrease and change of sign of ␤. Experimental data at I = 20 mA exhibits rather good agreement with theory. At I =30 mA ␤ / p ratio first slightly increases with a decrease of pressure. However, at p = 0.2 Pa ␤ / p is close to the Epstein value and at p = 0.1 Pa the dust particle becomes unstable and is dropped down. At I = 40 mA experimental data shows the growth of ␤ / p ratio up to the value of about 2␤ epst / p.Theory, however, predicts monotonic decrease of ␤ / p ratio at all three values of current concerned.
B. Variation of ␣
In the second type of experiments we used the method of ␣ variation, proposed in Ref. ͓18͔ . We kept U c =−80 V, U sg = 18 V, and varied U a in the range between 14 and 18 V. We performed this for p = 0.2 Pa and p = 0.4 Pa at discharge current 20 and 40 mA. Under these conditions variation of U a from 14 to 18 V leads to an increase of ␣ several times at slightly varying temperatures and almost constant plasma density ͑Fig. 5͒. At every value of U a the damping rate of a dust particle could be measured and calculated theoretically. The respective data is plotted on Fig. 6 . At I = 20 mA and p = 0.2 Pa experimental data exhibits strong decrease of ␤ / p with an increase of U a ͑i.e., decrease of ␣͒. At U a = 15.5 V the dust particle becomes unstable. Therefore, we again observe the change of sign of ␤ in the experiment. Theory, however, does not predict instability in this case. In other series ␤ / p does not deviate from the Epstein value more than 30%.
Despite of sometimes significant disagreement with the DCE theory we should note that large deviations of the damping rate from the Epstein values are reported here. Also, the influence of the non-thermal energetic part of the EEDF on the behavior of dust particles levitating in plasma is evident from Figs. 5 and 6. This is another finding we would like to emphasize.
V. DISCUSSION
A. Comparison of experimental and theoretical results
Now we will try to discuss the obtained data in terms of DCE qualitatively. First of all it is obvious that deviation of the damping rate from Epstein value should be observed at low pressures. ␤ epst is proportional to p and consequently a decrease of p leads to a decrease of ␤ epst and ␤ DCE may become important.
A decrease of ␤ with ␣ observed on Fig. 6 may be explained by the influence of energetic electrons on the charging time of a dust particle. The dust particle usually levitates at a point that lies about 0.5 V below the plasma potential ͑see Table I͒ . Also, the surface potential of a dust particle itself is about 3 V below the space potential at the levitation point. So, the surface potential is 3.5 V below the plasma potential. Consequently, only a few cold electrons from the bulk plasma may reach the surface of a dust particle. Energetic electrons play a crucial role in the charging of a dust particle. Reduction of their number unavoidably leads to an increase of ch ͑Fig. 7͒ and consequently to a higher significance of DCE. Stronger deviation of ␤ / p from the Epstein value in the pressure variation experiment compared to the U a variation experiment may be also explained by lower ␣ values and similarity of other parameters ͑compare the plasma parameters on Figs. 3 and 5͒.
We should note, that ␤ DCE may be negative as well as positive. The sign of ␤ DCE is governed by the product
Electric field is negative ͑i.e., directed towards the electrode͒ all through the sheath. In Fig. 8 a map of ␤ DCE in ͑n 0 , ␣͒ plane at T c = 0.3 eV and T h = 2.8 eV is presented. We can clearly distinguish three regions on this map. First is the region where ␤ DCE Ͻ 0. It occupies the major area of the map. Second is a narrow region of ␤ DCE Ͼ 0. And the last is the region, in which levitation condition may not be satisfied. Neighborhood of ␤ DCE Ͼ 0 and nonlevitatable regions is very natural. ␤ DCE Ͼ 0 requires
However, the stability of the levitation of a dust particle requires
The first term in Eq. ͑18͒ is always negative within the sheath. Consequently, if the charge gradient is negative and becomes too large in absolute value, R may become larger in absolute value than Z d ‫ץ‬E ‫ץ‬z ͉ z=z 0 and the stability of the levitation may be violated.
On the map ͑Fig. 8͒ we have plotted the points, at which ␤ was measured in the pressure variation experiments. In the experiments we observed positive values of ␤ DCE at I =30 and 40 mA ͑Fig. 3͒. However, our experimental points are very far from region of positive ␤ DCE , predicted by theory. Approximately 4 times smaller value of ␣ is required for our experimental points to enter this region. Also, we have checked that variations of T c and T h , which we observed in the experiments and which are not taken into account in the calculations of the map on Fig. 8 , do not significantly affect the values of ␤ DCE . We should, however, note, that we observe ␤ DCE Ͼ 0 at higher values of n 0 . This is in accord with Fig. 8 , since with the increase of n 0 the width of the ␣ range, where ␤ DCE Ͼ 0 increases.
B. Possible sources of discrepancy between the experiment
and theory
Nonuniformity of the plasma
The major of the discrepancy in our opinion comes from the nonuniformity of the plasma in the vicinity of the levitation electrode. For our theoretical calculation of the sheath structure we used the plasma parameters measured by the probe about 5 cm above the electrode. We compared parameters at this point with the parameters measured approximately 5 cm below the probe ͓Fig. 9͑a͔͒. Current-voltage characteristics with the subtracted ion current are given in Fig. 9͑b͒ . It is obvious that the electron saturation current is several times higher below the levitation electrode than above. This means that the plasma density increases in the downward direction. Also the currents of the energetic com- ponent are almost same above and below the levitation electrode. This means, fraction of hot electrons ␣ is higher above the electrode, than below, i.e., decreases in the downward direction. Consequently, the sheath, in which the dust particle levitates is governed by several times smaller ␣ and several times higher n 0 compared to those we used for calculations. In terms of the color map on Fig. 8 this means that the experimental traces should be shifted in the upper-left direction and may approach the region of positive ␤ DCE .
Measurement and control accuracies
The error of probe measurements as well as the measurements of the damping rate has been found to arise mostly from the fitting procedures. Typical values are estimated as 25 and 20 % for the probe measurements and damping rate measurements, respectively. The accuracies of the control of discharge parameters are the following: current -1 mA, pressure -0.02 Pa, U c -0.5 V, other biasing voltages -0.1 V.
Ion drag force
We have not taken into account the ion drag force. Our dust particles levitate in a sheath, where ions have to obey the Bohm criterion. Energy of the ion beam is supposed to be much higher, than the ion temperature, which is assumed to equal room temperature. Consequently, we may use cold ions approximation for the ion drag force in the sheath ͓22͔. Also, it is important to note that our sheath is formed in the vicinity of a mesh electrode. Plasma exists on both sides of the electrodes and plasma particles may pass through the mesh. Consequently, total ion flux to the electrode is ͑1−͒n SE C s , where is the transparency of the electrode. Let us assume to equal the geometric transparency of the electrode. Then estimation gives us = 0.88. If we calculate the ion drag force, using the data in Table I and the reduced ion flux, we will obtain F dr Ϸ 0.04m d g, which is negligible.
Shape of the ion velocity distribution function (VDF)
In our theory we used the cold ion approximation for the ion current to the dust particle ͑15͒. In reality, however, the ion VDF has a finite width, which in principle has to be taken into account in the calculation of an ion current to a dust particle.
To find out the importance of the finite width of the ion VDF we performed particle-in-cell ͑PIC͒ simulations of the sheath structure, using an originally developed onedimensional code ͓24,25͔. The simulated system of 2 cm length is bounded by the electrode on one side and by an interface with a bulk plasma on the other side. The bulk with given densities and VDF of electrons and ions provides input fluxes of plasma particles into the simulated system. We assume that sheath is symmetric on both sides of the levitation electrode. Consequently, the penetration of plasma particles through the mesh electrode can be effectively described as their reflection from the electrode back into the simulated system with probability given by . The bulk plasma boundary is fully transparent for outgoing plasma particles. A Monte Carlo extension of the PIC method ͓26͔ was used to simulate ion charge exchange and elastic collisions with neutral Ar atoms. The neutral gas at room temperature was supposed to be uniformly distributed in the system. The ionneutral collision cross sections are given according to Ref.
͓27͔. The simulations are performed sufficiently long time until the system becomes steady state. The code allows us to obtain local electron and ion VDFs at selected points.
We simulated the sheath structure for the data shown in Table I . The simulated ion VDF at z =2 mm ͑close to the levitation position according to Table I͒ is shown in Fig.  10͑a͒ . Electron and ion currents onto a dust particle are calculated as follows ͓21͔:
where v e0 = ͱ 2e f / m e . The plot of the currents versus the surface potential at z = 2 mm is shown in Fig. 10͑b͒ . The intersection point of electron and ion current curves gives the equilibrium potential of a dust particle. The figure clearly shows, that if the shape of the ion VDF is taken into account, FIG. 9 . ͑Color online͒ ͑a͒ Positions of the probe. Probe, located below the levitation electrode is in the plane with the filaments, so it indicates higher plasma density. ͑b͒ Comparison of the currentvoltage characteristics at two positions. Below the levitation electrode the plasma density is several times higher compared to that above it; ␣ exhibits opposite tendency.
the equilibrium potential on a dust particle is reduced about 12% with respect to the cold ion case.
VI. CONCLUSIONS
We have investigated the damping rate of the harmonic oscillations of a dust particle, levitating in an ion sheath, formed in the vicinity of an electrode immersed into the magnetically confined diffusion Ar plasma using the highspeed video recording of the dust particle motion. Theoretical consideration has been performed on the basis of the delayed charging effect. The structure of the sheath, confining a dust particle, has been calculated using the Bohm sheath theory with bi-Maxwellian electrons for the parameters of the bi-Maxwellian electron VDF in the bulk plasma, measured during the experiment. The damping rate of the harmonic oscillations has been calculated at the levitation position.
We have experimentally obtained the dependence of the damping rate on the neutral pressure. It has been found that at lower pressures the damping rate significantly deviates from the values predicted by the Epstein formula. The sign of the deviation depended on the bulk plasma density: at relatively smaller plasma density the measured damping rate was smaller than the predicted Epstein value; however, at relatively higher density the measured damping rate was higher than the predicted Epstein value. Our theory predicted the decrease of the damping rate at lower density as well as at the higher density at the experimentally measured plasma parameters. However, at the same time the theory predicted the existence of a narrow region of the increase of the damping rate at much lower fractions of energetic electrons. It has also been found that an increase of the fraction of energetic electrons leads to a decrease of the deviation of the damping rate from the Epstein value. Here we had qualitative agreement between theory and experiment.
Possible sources of the discrepancy between the experiment at theory are the following: nonuniformity of the plasma ͑fraction of energetic electrons and plasma density vary several times in the vicinity of the levitation electrode͒; accuracies of the measurements of plasma parameters and of the damping rate; taking into account the shape of the ion VDF, obtained by the PIC simulation of the sheath structure, was found to result in a reduction of the equilibrium surface potential of the dust particle of the order of 12%.
